The Tocantinzinho gold deposit, located in the Tapajós Mineral Province, Amazonia, Brazil, is considered the largest gold deposit in the region. It is a stockwork-disseminated gold deposit, hosted in a 1982 ± 8 Ma hydrothermalized monzogranite of the Creporizão Intrusive Suite, with petrographic and geochemical characteristics of volcanic arc to post-collisional granites. Gold is mainly associated with phyllic alteration. Primary fluid inclusions trapped in the mineralization stages are H 2 O-NaCl and unsaturated and homogenize either to the vapor or to the liquid with Th (t) of 300-430 • C, salinity of 2-16 wt % NaCl eq. and density from 0.43 to 0.94 g/cm 3 . At these conditions, Au is expected to be transported as Au(HS) 2 − complexes and ore is deposited as the result of boiling in the first mineralizing stages and of mixing between magmatic fluid and meteoric water during the phyllic alteration. Compared with other deposits, Tocantinzinho has similarities with magmatic-hydrothermal oxidized calc-alkaline granite-related gold deposits classified as porphyry gold deposits but we classify as a porphyry-style gold deposit, as it lacks some characteristics of the Phanerozoic porphyry-type deposits. The results from this study can be used to elaborate and guide prospection models in Amazonia and in similar Proterozoic terrains.
Introduction
Located in the Tapajós Mineral Province (TMP) (Figure 1 ), Tocantinzinho is a stockwork gold deposit showing evidence of hydrothermal alteration. The Brazilian province lies in the Amazonian Craton and includes the southwest portion of the state of Pará and part of the southeast region of the state of Amazonas. According to some studies, it extends to the north of Mato Grosso State [1, 2] . Tocantinzinho is part of the Ventuari-Tapajós geochronological province [3] or part of the Parima-Tapajós Paleoproterozoic orogenic belt [4] . Several gold deposits can be found to the north of the province alongside the Jamanxim and Crepori rivers but currently, considering its gold production, Tocantinzinho is considered the largest gold deposit in the region, with estimated annual production of 4.3 tons milled, an Au grade of 1.42 g/t and 170.000 oz of gold production/year [5] [6] [7] .
Geological mapping programs run by the Brazilian Geological Survey (Minerals Research and Resource Company/CPRM) and collaborators have produced a better geological understanding of the province [5] . Academic papers from universities and research institutes-most of them dedicated to studying specific mineral deposits-have also contributed to increased knowledge about the region [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The geological characteristics of the Tapajós region and the similar Northern Mato Grosso region point to the existence of Proterozoic magmatic arcs, which may have played an important role in the formation of gold deposits of different styles, including deposits related to granitic intrusions or to epithermal zones [5, 20] . Various studies that have been conducted regarding the Tocantinzinho deposit have proposed different genetic models, such as reduced intrusion-related gold systems [8, [21] [22] [23] [24] .
This paper presents new geological, petrological and fluid inclusion data that help to constrain the nature and origin of the hydrothermal fluids of the Tocantinzinho deposit. These data were used to elaborate a new metallogenic model for Tocantinzinho gold deposit and should contribute to improving gold prospection in the Tapajos Mineral Province and other similar Proterozoic regions in Brazil and worldwide.
Materials and Methods
The present study summarizes work conduced over two different field campaigns. We selected 44 thin sections from 11 representative drill-holes for detailed geological and petrographic study. All thin sections were carefully checked under transmitted and reflected light microscopes (Brasilia, Federal District, Brazil) at the Federal University of Pará (UFPA) and the University of Brasília (UnB) using a Zeiss Axioplan 2 petrographic microscope (Zeiss, Oberkochen, Germany). Eighteen samples of country and host rocks were selected for whole-rock chemical analyses of major and trace elements, performed at Acme Analytical Laboratories Ltd. (Vancouver, BC, Canada) using routine laboratory standards. The major elements were determined using inductively coupled plasma-atomic emission spectroscopy (ICP-AES), whereas trace elements were determined with inductively coupled plasmamass spectrometry (ICP-MS). Loss of ignition was determined by calcination at 1000 °C; the granitic rocks used for petrological diagrams and interpretation have loss of ignition lower than 2 wt %.
Minerals were chemically analyzed at two different laboratories: feldspar, chlorite, muscovite, rutile and titanite were analyzed in JEOL-JXA8600 (Jeol, Peabody, MA, USA) at the University of São Paulo; and pyrite, chalcopyrite, sphalerite, galena, altaite, gold and chlorite were analyzed in JXA-8230-Jeol electron microprobe at the University of Brasilia (Jeol, Peabody, MA, USA), running at 15 kV and 15 nA, with spot sizes of 1-10 µm, depending on the mineral size and type. The standards employed were synthetic and natural substances commercially supplied by CAMECA company.
Hydrothermal temperature was estimated using a chlorite empirical geothermometer [25] and later compared with fluid inclusions results. The data are based on the cationic ratio of the chlorite The geological characteristics of the Tapajós region and the similar Northern Mato Grosso region point to the existence of Proterozoic magmatic arcs, which may have played an important role in the formation of gold deposits of different styles, including deposits related to granitic intrusions or to epithermal zones [5, 20] . Various studies that have been conducted regarding the Tocantinzinho deposit have proposed different genetic models, such as reduced intrusion-related gold systems [8, [21] [22] [23] [24] .
The present study summarizes work conduced over two different field campaigns. We selected 44 thin sections from 11 representative drill-holes for detailed geological and petrographic study. All thin sections were carefully checked under transmitted and reflected light microscopes (Brasilia, Federal District, Brazil) at the Federal University of Pará (UFPA) and the University of Brasília (UnB) using a Zeiss Axioplan 2 petrographic microscope (Zeiss, Oberkochen, Germany). Eighteen samples of country and host rocks were selected for whole-rock chemical analyses of major and trace elements, performed at Acme Analytical Laboratories Ltd. (Vancouver, BC, Canada) using routine laboratory standards. The major elements were determined using inductively coupled plasma-atomic emission spectroscopy (ICP-AES), whereas trace elements were determined with inductively coupled plasma-mass spectrometry (ICP-MS). Loss of ignition was determined by calcination at 1000 • C; the granitic rocks used for petrological diagrams and interpretation have loss of ignition lower than 2 wt %.
Hydrothermal temperature was estimated using a chlorite empirical geothermometer [25] and later compared with fluid inclusions results. The data are based on the cationic ratio of the chlorite Buiuçú Formation and the Palmares Group are the result of installation of Paleoproterozoic continental rifts in the Tapajós domain that culminated with the deposition of siliciclastic sedimentary covers. The dikes and sills of the Crepori Diabase crosscut the Orosian basement and are aged 1780 ± 7 Ma, which, besides dating this magmatic event, indicates the minimum deposition age of the Paleoproterozoic sedimentary sequences. The troctolites of the Cachoeira Seca Intrusive Suite (1186 ± 12 Ma/U-Pb Sensitive High Resolution Ion Microprobe-SHRIMP-on baddeleyite crystals) mark the reactivation of the mantle under the Tapajós domain after a quiescent period of about 600 Ma. This event was interpreted as a Stenian alkaline magmatism related to continental rifts-a reflection of the Sunsás orogeny.
The structural evolution of the TMP began with a ductile to ductile-brittle compressive event that imprinted a NE-SW-trending foliation in the rocks of both the Jacareacanga Group and the Cuiú-Cuiú Complex [35, 36] . This event was responsible for the most prominent structures in the area, related to the development of sinistral NW-SE-trending transcurrent megalineaments, which controlled the emplacement of the Creporizão, Tropas and Parauari suites. The other extensional tectonics (E-W, NE-SW) would have been affected by the reactivation of old weak crustal zones or by the emplacement of the Maloquinha Intrusive Suite.
Local Geology
The Tocantinzinho deposit is hosted in a monzogranite of 1982 ± 8 Ma (Pb-Pb in zircon) attributed to the Creporizão intrusive suite [8, 37] . The monzogranite has been subjected to intense hydrothermal alteration. As a result, altered granite and hydrothermal rocks-in which mineralization is hosted-were produced. Mafic and felsic dikes also occur in the area.
The geological map of the Tocantinzinho deposit ( Figure 3) shows the lithostratigraphic units that occur in the Tocantinzinho area and in other nearby deposits [38, 39] . The studied rocks do not The structural evolution of the TMP began with a ductile to ductile-brittle compressive event that imprinted a NE-SW-trending foliation in the rocks of both the Jacareacanga Group and the Cuiú-Cuiú Complex [35, 36] . This event was responsible for the most prominent structures in the area, related to the development of sinistral NW-SE-trending transcurrent megalineaments, which controlled the emplacement of the Creporizão, Tropas and Parauari suites. The other extensional tectonics (E-W, NE-SW) would have been affected by the reactivation of old weak crustal zones or by the emplacement of the Maloquinha Intrusive Suite.
The geological map of the Tocantinzinho deposit ( Figure 3) shows the lithostratigraphic units that occur in the Tocantinzinho area and in other nearby deposits [38, 39] . The studied rocks do not present deformation or preferred orientation. Brecciated rocks are recognized in the deposit area. The elongated geometry of the Tocantinzinho granite and related rocks, features of solid-state deformation within granites and syntectonic deformation of andesitic dikes, imply the existence of wrench-type tectonic control for the deposit area [37] .
In the area, monzogranite is the dominant rock, which has been mostly altered into two hydrothermal varieties: one with strongly reddish to pinkish coarse K-feldspar crystals associated with equally coarse milky quartz crystals, informally called Salame; and the other is distinguished by its greenish tone with gray to whitish hues, with the informal name Smoky. Subordinate aplites, most likely co-magmatic, have been also recognized.
wrench-type tectonic control for the deposit area [37] .
In the area, monzogranite is the dominant rock, which has been mostly altered into two hydrothermal varieties: one with strongly reddish to pinkish coarse K-feldspar crystals associated with equally coarse milky quartz crystals, informally called Salame; and the other is distinguished by its greenish tone with gray to whitish hues, with the informal name Smoky. Subordinate aplites, most likely co-magmatic, have been also recognized. [7] .
Mafic dikes form a quite eroded body, which partially covers the mineralized zone and seems to taper and converge at depth to possible conduits that acted as magma feeders. This body was pervasively altered by phyllic alteration, chloritization and carbonation.
Although the mineralized granite does not show evidence of ductile deformation; structurally, brittle features are recognized in planar arrangements, defined by NE-SW-trending and steeplydipping sheeted veinlets containing chlorite and quartz. On surface mapping, a series of sinistral E-W faults were identified, mostly up to tens of meters long [7] .
The hydrothermal alteration is present in all kinds of rocks, so that many primary features of the host granite in the mineralized zone can still be recognized. The different styles of mineralization in the host granite comprise sulphides in stockwork zones [6] . Figure 3 . Geological map of the Tocantinzinho deposit. Modified from Juras et al. [7] .
Results

Petrography
Although the mineralized granite does not show evidence of ductile deformation; structurally, brittle features are recognized in planar arrangements, defined by NE-SW-trending and steeply-dipping sheeted veinlets containing chlorite and quartz. On surface mapping, a series of sinistral E-W faults were identified, mostly up to tens of meters long [7] .
The hydrothermal alteration is present in all kinds of rocks, so that many primary features of the host granite in the mineralized zone can still be recognized. The different styles of mineralization in the host granite comprise sulphides in stockwork zones [6] .
Results
Petrography
The essential minerals of the unaltered monzogranite are quartz (25-30%), microcline (35-40%), oligoclase (30-35%) and biotite (3-5%) [40] . The accessory minerals are zircon, titanite, pyrite and magnetite, which compose approximately 5% of the granite ( Figure 4A ). The secondary minerals are epidote, sericite and chlorite (approximately 3%). The feldspars occur as subhedral crystals of medium size (0.2 to 1 mm) and tabular habit. The quartz grains are anhedral, usually with coarse granulation (0.5 to 1 mm), showing strong undulating extinction and sutured contacts, suggesting a weak recrystallization process. The biotite occurs as medium-to-fine lamellae or in veinlets (0.2 to 1 mm) with reddish brown color. The accessory minerals occur dispersed in rock or included in biotite (zircon, magnetite and titanite). Chloritized biotite (5%) is the varietal mineral. Primary magnetite was observed as an accessory mineral. Sericite, epidote and carbonates are alteration minerals (5%). Quartz is present as medium-to-fine-sized grains (0.5-1 mm). Plagioclase crystals are medium size (0.8-1 mm) and are generally altered to sericite and carbonate. K-feldspar occurs as medium-sized crystals (0.6-0.8 mm) and is locally cut by veinlets. Chlorite occurs as a result of biotite alteration and filling fractures, forming single-or multiple-mineral veins. Carbonate is a hydrothermal alteration mineral, which fills fractures or replaces feldspar crystals. Hydrothermal pyrite and magnetite crystals-some altered to hematite-were also observed.
The felsic dikes have porphyritic, allotriomorphic and inequigranular textures and are altered and cut by veins ( Figure 4B ). The essential minerals are quartz (35%), albite (30-35%) and microcline (20-25%) .
The texture of the mafic dikes is medium-to-fine hypidiomorphic granular with medium-sized plagioclase phenocrysts (0.6 mm), immersed in a dark green aphanitic matrix ( Figure 4C ). The estimate modal composition is: glassy matrix (40-45%), plagioclase (15-20%), amphibole (actinolite) (10-15%), quartz (5%), K-feldspar (5%) and chloritized biotite (5%). Chlorite, carbonate and sericite are secondary minerals (5%). Magnetite, pyrite, chalcopyrite and sphalerite compose 2% to 3% of the rock.
Lithogeochemistry
The weakly altered to unaltered monzogranite shows an average composition of 70. Figure 5 ) [41] . The distribution patterns of trace elements show strong positive anomalies of Rb, Th, Zr, Hf and Y and negative anomalies of Sr, P, Nb and Ti. In the tectonic discrimination diagrams, the samples concentrate in the field of volcanic arc to post-collisional granites ( Figure 6 ) [42] . The values were normalized to the chondrite of Nakamura [43] . The patterns are weakly fractionated with ratios (La/Yb) N of 12.23-16.40 and exhibit a weak negative Eu anomaly ( Figure 7 ). The felsic dike has a lower negative Nd anomaly and has negative Eu anomaly.
The Figure 8 ). Based on the Totally-Alcali versus Silica (TAS) diagram [44] , the mafic dike that cuts the granite rocks is composed of basalt. According to the tectonic environment diagram proposed by Pearce and Cann [45] , it is classified as calc-alkaline basalt. The #mg ([MgO/(MgO + Fe2O3)] is 0.45, low to moderate and the nickel content is approximately 75.10 ppm.
The tholeiitic magma mantle-derived rocks have #mg higher than 0.68 and Ni content between 300 and 500 ppm, which suggests that the mafic dike represents differentiated mafic magma or possible crust contamination. According to the normalized spider diagrams proposed by Sun and McDonough [46] , there is a strong positive anomaly of Pb and Sr and negative anomaly of Ba, Nb and Ti. Low Ti and P values in mafic dikes suggest a lithospheric mantle source [47] . The ∑REE is 93. 16 . Its pattern normalized to chondrite is weakly fractionated. Based on the Totally-Alcali versus Silica (TAS) diagram [44] , the mafic dike that cuts the granite rocks is composed of basalt. According to the tectonic environment diagram proposed by Pearce and Cann [45] , it is classified as calc-alkaline basalt. The tholeiitic magma mantle-derived rocks have #mg higher than 0.68 and Ni content between 300 and 500 ppm, which suggests that the mafic dike represents differentiated mafic magma or possible crust contamination. According to the normalized spider diagrams proposed by Sun and McDonough [46] , there is a strong positive anomaly of Pb and Sr and negative anomaly of Ba, Nb and Ti. Low Ti and P values in mafic dikes suggest a lithospheric mantle source [47] . The ∑REE is 93. 16 . Its pattern normalized to chondrite is weakly fractionated. 
Hydrothermal Alteration and Mineralization
The Tocantinzinho gold deposit is host to the monzogranite strongly affected by hydrothermal alteration. In the study area, the two main varieties of altered and mineralized rocks are usually classified by the natives as Salame and Smoky ( Figure 9 ), but these names have also been used in the literature about the region [8, [21] [22] [23] 48] . The rocks assigned as Salame are thus named because of their red color, which is due to the intense red color of K-feldspar crystals. The Smoky samples are rich in chlorite and sericite, which gives them a grayish coloration. In this research, the hydrothermal rocks are referred to according to their predominant hydrothermal alteration.
The following main types of hydrothermal alteration were identified in the studied rocks: microclinization, silicification, chloritization, sericitization and carbonatization. 
The Tocantinzinho gold deposit is host to the monzogranite strongly affected by hydrothermal alteration. In the study area, the two main varieties of altered and mineralized rocks are usually classified by the natives as Salame and Smoky (Figure 9 ), but these names have also been used in the literature about the region [8, [21] [22] [23] 48] . The rocks assigned as Salame are thus named because of their red color, which is due to the intense red color of K-feldspar crystals. The Smoky samples are rich in chlorite and sericite, which gives them a grayish coloration. In this research, the hydrothermal rocks are referred to according to their predominant hydrothermal alteration.
The following main types of hydrothermal alteration were identified in the studied rocks: microclinization, silicification, chloritization, sericitization and carbonatization. During the early stage of hydrothermal alteration, incipient metasomatism modified the primary mineralogy of the granite rock. The orthoclase was microclinized, the oligoclase crystals were altered to albite and the magmatic biotite is rarely preserved and was altered to green chlorite (Chl1). There is neoformation of quartz, referred to as quartz grain 1 (Qtz1) and quartz grain 2 (Qtz2), which occur in altered rocks as a result of incipient and advanced silicification, respectively (Table 2) .
During the microclinization stage, a strong alteration of K-feldspar occurred and formed microcline masses surrounding previously-formed minerals. The hydrothermal quartz grains are disseminated and acquired a milky aspect. The second stage of chloritization occurred, forming brown chlorite (Chl2), with an increase in the amount of sulfides (pyrite and chalcopyrite). Rutile is a sub-product of the chloritization of biotite, commonly found along chlorite cleavages.
The term "phyllic alteration" is used to designate the main sericitization stage, accompanied by the association of sericite, pyrite and Qtz2 (plus gold ± chlorite). Mineralization occurs predominantly during this stage. The amount and variety of sulfides (pyrite, chalcopyrite, sphalerite, galena and altaite) increased, which occur in paragenesis with the gold mineralization. The last alteration stage is characterized by chloritization (Chl3) and carbonatization ( Figure 10 ). During the early stage of hydrothermal alteration, incipient metasomatism modified the primary mineralogy of the granite rock. The orthoclase was microclinized, the oligoclase crystals were altered to albite and the magmatic biotite is rarely preserved and was altered to green chlorite (Chl1). There is neoformation of quartz, referred to as quartz grain 1 (Qtz1) and quartz grain 2 (Qtz2), which occur in altered rocks as a result of incipient and advanced silicification, respectively (Table  2) .
The term "phyllic alteration" is used to designate the main sericitization stage, accompanied by the association of sericite, pyrite and Qtz2 (plus gold ± chlorite). Mineralization occurs predominantly during this stage. The amount and variety of sulfides (pyrite, chalcopyrite, sphalerite, galena and altaite) increased, which occur in paragenesis with the gold mineralization. The last alteration stage is characterized by chloritization (Chl3) and carbonatization ( Figure 10 ). The silicification occurs in two main stages: the first, incipient, occurs soon after the magmatic stage, where the first hydrothermal quartz grains (Qtz1) were formed; the second occurs during the phyllic alteration stage (Qtz2), forming large quantities of mono-and poly-ore veinlets. The most common mineralizing paragenesis in this case is: K-feldspar + Qtz1 + pyrite + gold (microclinization phase) and Qtz2 + sericite + pyrite + gold (phyllic alteration phase).
Chlorite occurs in three distinct stages. In weakly metasomatized rocks, chlorite is the result of the destabilization of biotite (Chl1) and is green and accompanied by titanite + epidote + muscovite ± magnetite. In places where the alteration is more intense, chlorite (Chl2) is usually brownish and has The silicification occurs in two main stages: the first, incipient, occurs soon after the magmatic stage, where the first hydrothermal quartz grains (Qtz1) were formed; the second occurs during the phyllic alteration stage (Qtz2), forming large quantities of mono-and poly-ore veinlets. The most common mineralizing paragenesis in this case is: K-feldspar + Qtz1 + pyrite + gold (microclinization phase) and Qtz2 + sericite + pyrite + gold (phyllic alteration phase).
Chlorite occurs in three distinct stages. In weakly metasomatized rocks, chlorite is the result of the destabilization of biotite (Chl1) and is green and accompanied by titanite + epidote + muscovite ± magnetite. In places where the alteration is more intense, chlorite (Chl2) is usually brownish and has an anomalous interference color, accompanied by sericite + sulfides ± calcite, associated with the phyllic alteration stage. The other form (Chl3) occurs in masses, is brownish, isolated in late monomineralic veins and associated with the final stage of phyllic alteration.
Carbonatization occurs less intensely than the other types of alteration. It probably occurs in the final phases of the hydrothermal alteration process along with chloritization (Chl3). In general, potassic feldspar and albite are affected by carbonatization. Calcite was identified as carbonate in microprobe analyses. The hydrothermal alteration and mineralization stages are inextricably linked. We observed that, in certain phases of alteration, there is a greater presence of ore in the paragenesis; these phases are the phyllic alteration, accompanied or not by silicification and microclinization. Figure 11 contains the interpreted paragenetic sequence of the studied rocks. an anomalous interference color, accompanied by sericite + sulfides ± calcite, associated with the phyllic alteration stage. The other form (Chl3) occurs in masses, is brownish, isolated in late monomineralic veins and associated with the final stage of phyllic alteration. Carbonatization occurs less intensely than the other types of alteration. It probably occurs in the final phases of the hydrothermal alteration process along with chloritization (Chl3). In general, potassic feldspar and albite are affected by carbonatization. Calcite was identified as carbonate in microprobe analyses. The hydrothermal alteration and mineralization stages are inextricably linked. We observed that, in certain phases of alteration, there is a greater presence of ore in the paragenesis; these phases are the phyllic alteration, accompanied or not by silicification and microclinization. Figure 11 contains the interpreted paragenetic sequence of the studied rocks. Paragenetic sequence of mineralization and hydrothermal alteration of Tocantinzinho deposit.
Mineralogy and Chemistry of Chlorite
The chemical data of the three types of chlorite are summarized in Table 2 16 .
The chlorite compositions are clinochlore (Ch11 and Chl3), with Fe/(Fe + Mg) (X Fe ) = 0.43, which occur in the least altered samples and chamosite (Chl2; X Fe = 0.60), present in the more altered and mineralized rocks, with Al IV ranging from 2.03 to 2.76. The petrographic and compositional differences between the chlorite types suggest that Chl2 chlorite occurs in paragenesis with microclinization, which is the first mineralization stage ( Figure 12 ) and with phyllic alteration.
The estimated crystallization temperature of the chamosite (Chl2), calculated according to Cathelineau [25] showed variation from 302 to 382 • C, whereas the calculated crystallization temperature of clinochlore (Chl1 and Chl3) ranges from 266 to 340 • C, regardless of its generation. These temperature estimates are useful and coherent for comparison to the fluid inclusion data. Although it is empirical and considering the conclusions of De Caritat et al. [49] , chlorite geothermometry should be used with caution and only in combination with alternative methods of estimating paleotemperatures. The chlorite geothermomether was used together with fluid inclusion data to estimate the temperature of the hydrothermal system in the Tapajos deposit. 
Mineralogy of Gold and Associated Minerals
The goal of the petrographic study of mineralized samples was to improve our understanding of the relationship between gold mineralization and monzogranite, in addition to trying to understand the genesis, transport and precipitation of the ore. Petrographic and chemical data obtained by electron microprobe analyses were integrated with other data in an attempt to propose a genetic model for the deposit. The main sulfides associated with the ore were analyzed in order to better understand the main characteristics of the mineralization.
Pyrite is anhedral to subhedral and varies in size between 100 and 200 µm. When it occurs in paragenesis with sericite, it is rich in other sulfide inclusions (chalcopyrite, sphalerite, galena and altaite). Chalcopyrite varies in size from 50 to 100 µm. It occurs as inclusions in pyrite or intergrown with galena, sphalerite and rutile. Pb and Te sulfides (galena and altaite) are also included in pyrite (Table 3) . Sphalerite, galena and altaite are included in pyrite or aggregates. Normally, gold is included or in fractures ( Figure 13 ).
Gold occurs, generally and in greater proportion, in association with pyrite and quartz from the second generation of hydrothermal quartz (Qtz2) in the phyllic alteration stage but is also observed in the microclinization stage, where the first hydrothermal quartz grains (Qtz1) were formed ( Figure  11 ).
There are three kinds of ore representation in the Tocantinzinho deposit: free gold, gold included in other minerals and gold in pyrite fractures. Free gold is richer in Au (91% Au and 9% Ag). As inclusions, it behaves differently in pyrite and sphalerite (Table 4 ). In the first case, its composition is richer in Au (89% on average) and relatively equivalent in Ag (11%). Gold included in sphalerite has 
Gold occurs, generally and in greater proportion, in association with pyrite and quartz from the second generation of hydrothermal quartz (Qtz2) in the phyllic alteration stage but is also observed in the microclinization stage, where the first hydrothermal quartz grains (Qtz1) were formed ( Figure 11 ).
There are three kinds of ore representation in the Tocantinzinho deposit: free gold, gold included in other minerals and gold in pyrite fractures. Free gold is richer in Au (91% Au and 9% Ag). As inclusions, it behaves differently in pyrite and sphalerite (Table 4 ). In the first case, its composition is richer in Au (89% on average) and relatively equivalent in Ag (11%). Gold included in sphalerite has 78% Au in its composition. Gold in fractures is richer when in sphalerite crystals (90% Au and 10% Ag), whereas pyrite fractures are poorer in Au (72%) (Figure 14) . 78% Au in its composition. Gold in fractures is richer when in sphalerite crystals (90% Au and 10% Ag), whereas pyrite fractures are poorer in Au (72%) (Figure 14) . Fluid inclusions were studied in quartz grains in paragenesis with microcline and albite (Qtz1), from the microclinization stage and the phyllic alteration stage (Qtz2). On the basis of the petrographic study, all of them were interpreted to be genetically related to the mineralizing fluid (Figure 15 ). The fluid inclusions were classified based on the Shepherd et al. [50] petrographic criteria and the thermometric data. The Eutectic temperature was not observed, but, according to the petrographic and microthermometric data, the system was modeled by the H 2 O-NaCl system. The isolated and/or randomly distributed fluid inclusions in quartz grains were interpreted as primary fluid inclusions. The fluid inclusions aligned along fracture planes were considered secondary. We identified five different types of fluid inclusion in Qtz1 and Qtz2 quartz grains of the Tocantinzinho deposit (Figure 16A-F ; Table 5 ).
Type I: Aqueous two-phase (Vapor (V) + Liquid (L)) primary fluid inclusions that homogenize to vapor, oval and/or rounded in shape, dark, with size ranging from 8 to 16 µm, degree of fill (F) = 0.5-0.6. They occur in Qtz2 grains associated with phyllic alteration. Ice melting temperature (Tm (ice) ) varies between -11.2 and -2.5 • C, with mode from -4.7 to -2.5 • C. Homogenization temperature (Th (t) ) varies from 304 to 433 • C. Eutectic temperature was not observed. The system was modeled by the H 2 O-NaCl system, as is the common practice in the literature [50] . Salinity, calculated according to the Tm (ice) for the H 2 O-NaCl system, ranges from 4.2 to 15.1 in wt % NaCl eq. and density values range from 0.43 to 0.76 g/cm 3 , according to Bodnar [26, 27] .
Type II: Aqueous two-phase (L + V) primary fluid inclusions that homogenize to liquid, ellipsoidal and rarely round in shape, dark, from 8 to 14 µm and F = 0.7-0.8. They occur in the microclinization and phyllic alteration stages. Tm (ice) ranges from −11.9 to −1.2 • C, with the mode at approximately −5.5 • C. Th (t) varies from 280 to 426 • C, with a mode of 350-400 • C. Salinity was calculated to range from 2.1 to 15.9 wt % NaCl eq. and density is between 0.49 and 0.90 g/cm 3 .
Type III: Aqueous two-phase (L + V) primary fluid inclusions, oval to ellipsoidal, colorless to slightly brown, from 6 to 10 µm and F = 0.8-0.9, which homogenize to liquid. They occur in Qtz1 and Qtz2, in the microclinization and phyllic alteration stages, respectively. As with Type I, Type III fluid inclusions are associated with the main stage of mineralization-the phyllic alteration stage (sericite + chlorite + pyrite + gold). Tm (ice) occurs between −5.9 and −1.5 • C and Th (t) ranges from 203 to 370 • C, with the mode between 300 and 350 • C. Eutectic temperature was not observed. The system was modeled by the H 2 O-NaCl system. Salinity and density were calculated to range from 1.22 to 8.27 wt % NaCl eq. and from 0.61 to 0.94 g/cm 3 , respectively.
Type IV: Aqueous two-phase (L + V) secondary fluid inclusions that occur in trails, oval and/or ellipsoidal in shape, colorless, from 3 to 10 µm and F = 0.85-0.95, which homogenize to liquid. They occur in the two types of quartz that were studied and is the most abundant type of fluid inclusions. Tm (ice) varies from −3.5 to −0.1 • C, with the mode at −1.1 • C and Th (t) ranges from 100 to 291 • C, with the mode between 150 and 200 • C. Salinity in the range of 0.2 to 5.1 wt% NaCl eq. and density from 0.72 to 0.96 g/cm 3 were calculated.
Type V: Monophase fluid inclusions, usually shapeless and dark, interpreted as aqueous vapor type (V), from 8 to 30 µm. They occur in the two types of quartz (Qtz1 and Qtz2). They did not present phase changes during the microthermometric tests, neither characteristics of leakage nor natural decrepitation. 
Interpretation of the Fluid Inclusion Data
Type I fluid inclusions present high values of Th (t) and two predominant homogenization intervals (304-350 • C and 400-433 • C) ( Figure 17A ) and homogenize to vapor. Type II inclusions display the highest interval width for Th (t) , between 280 and 426 • C ( Figure 17B ) and homogenize to liquid. Type III inclusions show Th (t) values mode between 300 and 350 • C ( Figure 17C ). Type IV inclusions have the lowest Th (t) values, with the mode ranging from 150 to 250 • C ( Figure 17D ).
Type I and II fluid inclusions ( Figure 18A ,B, respectively) have higher salinity and Th (t) values, whereas Type III is concentrated in the middle part of the Th (t) vs. salinity diagram ( Figure 18C ). Type IV fluid inclusions ( Figure 18D ) have low salinity and Th (t) values.
The Th (t) vs. density ( Figure 19 ) diagrams, obtained according to previously published equations [26, 27] , demonstrate a negative correlation between density and Th (t) .
The difficulties in measuring Eutectic temperatures as described in this study are commonly reported in the literature, due to metastabilities or for fluid inclusions smaller than 10 µm and with low salinities, especially smaller than 5 wt % NaCl eq. [51] , as was the situation of the fluid inclusions studied in this area. In this case, based on physicochemical studies for H 2 O-salt solutions, the error in estimating salinities using the H 2 O-NaCl system is considered to be <5% [50] .
Other studies that have been conducted in the same area, mostly in barren quartz veins, such as Queiroz [23] and Queiroz and Villas [48] , reported the systems H 2 O-NaCl-FeCl 2 ± MgCl 2 and H 2 O-NaCl-CaCl 2 in the Tocantinzinho deposit. Comparing the described samples and the microthermometric data presented in those authors' reports, which contained analyses of fluid inclusion in samples of milky and massive quartz from veins and veinlets hosted in a hydrothermalized monzogranite, we observed that those fluids are not present in the main mineralized stages. The low homogenization temperatures described by those authors, for example, may suggest that the divalent cation-containing fluids probably represent secondary fluids. For this reason, they were considered in this paper as important additional data from the non-mineralizing fluids that also circulated through the Tocantinzinho deposit, probably in peripheral veins and veinlets.
For all five types of fluid inclusions described in this study, the petrographic and microthermometric interpretations show a complex situation regarding the fluids that circulated through the Tocantinzinho deposit. The presented data suggest the existence of aqueous fluids with low to moderate salinity and a great variety in Th (t) and Tm (ice) . The coexistence in equilibrium, in the same quartz grain, of fluid inclusions that homogenize to different phases, as well as the presence of monophasic non-carbonic inclusions (Type V), is interpreted as the possible evidence of occurrence of boiling during magmatic fluid ascent, as defined by Shepherd et al. [50] , and, lately, as a mixture of magmatic and meteoric fluids.
Discussion
The geological, petrographic and geochemical compositions of the Tocantinzinho monzogranite align with granite from a magmatic-arc tectonic setting ( Figure 20) . The geochemical composition of the rhyolitic dike that occurs, cutting monzogranite in the deposit, is similar to granite composition. They are interpreted as having a comagmatic origin. 
The geological, petrographic and geochemical compositions of the Tocantinzinho monzogranite align with granite from a magmatic-arc tectonic setting (Figure 20) . The geochemical composition of the rhyolitic dike that occurs, cutting monzogranite in the deposit, is similar to granite composition. They are interpreted as having a comagmatic origin. 
The geological, petrographic and geochemical compositions of the Tocantinzinho monzogranite align with granite from a magmatic-arc tectonic setting (Figure 20) . The geochemical composition of the rhyolitic dike that occurs, cutting monzogranite in the deposit, is similar to granite composition. They are interpreted as having a comagmatic origin. In the primordial mantle-normalized diagram [46] , with samples ordered by increasing compatibility with the mantle source (Figure 21 ), granite samples exhibit pronounced negative anomalies of Ba, Nb, Ti, Sr and P; positive anomalies of Pb, K, Rb, Sm and Nd; and absence of In the primordial mantle-normalized diagram [46] , with samples ordered by increasing compatibility with the mantle source (Figure 21 ), granite samples exhibit pronounced negative anomalies of Ba, Nb, Ti, Sr and P; positive anomalies of Pb, K, Rb, Sm and Nd; and absence of anomalies of Y and Yb, which suggests the absence of residual source material. Similarly, the rhyolitic dike sample exhibits negative anomalies of Ba, Nb, P and Ti; positive anomalies of Pb and Nd; and no anomaly of Y, which is similar to the results for granite. The chemical characteristics of both rock types suggest that the fractional crystallization was crucial in the magmatic evolution of these rocks and was most likely responsible for the progressive enrichment in Rb and impoverishment in Ba, Sr and V [43] . K-feldspar fractionation from the felsic liquid during the crystallization of the granite enabled the enrichment in Rb and impoverishment in Ba and Sr. Granite rocks that are unaltered or have a low degree of hydrothermal alteration in Tocantinzinho do not exhibit mafic enclaves and have a negative anomaly in Eu, an absence of negative anomaly in Y and low Sr content, which suggests that pressure conditions were lower than 10 kb. Garnet is absent and residual plagioclase is more abundant, indicating crustal evolution, probably due to fractional crystallization [52] .
Based on the petrographic, chemical and fluid inclusion data obtained in this research, we suggest that the studied hydrothermal fluid may have a magmatic origin and a strong influence from meteoric fluids. The I-type 1.98 Ga monzogranite of the Tocantinzinho deposit probably played a fundamental role in the mineralization process, either as a source of the mineralizing fluids or as a source of fluids and metals. One possibility is the introduction of gold during the generation of the oxidized calc-alkaline magma, starting from the partial melting of the subducted oceanic plate or from the metasomatized mantle wedge or even from the melting of the crust [53] .
The coexistence of fluid inclusions homogenizing to vapor and to liquid suggests that the mineralizing fluid may have been subjected to boiling, which may have been one cause of the early ore deposition. As the main mineralization process occurred during the phyllic alteration stage and considering the obtained fluid inclusions characteristics and temperatures, the mixing of magmatic fluid with later meteoric water is the most probable mechanism of ore deposition in the area. It is possible to infer from the ore paragenesis and fluid characteristics that the mineralizing fluids contained dissolved sulfur species and that gold transportation was conducted mainly by bisulfide complexes, for example, Au(HS) 2 − [54-57].
Mello [6] and Juras et al. [7] proposed that the Tocantinzinho deposit should be classified as intrusion-related gold deposits. Thompson et al. [58] . Villas et al. [8] and Santiago et al. [22] classified this deposit as reduced intrusion-related gold systems (RIRGS), based on the Hart [59] description. and was most likely responsible for the progressive enrichment in Rb and impoverishment in Ba, Sr and V [43] . K-feldspar fractionation from the felsic liquid during the crystallization of the granite enabled the enrichment in Rb and impoverishment in Ba and Sr. Granite rocks that are unaltered or have a low degree of hydrothermal alteration in Tocantinzinho do not exhibit mafic enclaves and have a negative anomaly in Eu, an absence of negative anomaly in Y and low Sr content, which suggests that pressure conditions were lower than 10 kb. Garnet is absent and residual plagioclase is more abundant, indicating crustal evolution, probably due to fractional crystallization [52] . Based on the petrographic, chemical and fluid inclusion data obtained in this research, we suggest that the studied hydrothermal fluid may have a magmatic origin and a strong influence from meteoric fluids. The I-type 1.98 Ga monzogranite of the Tocantinzinho deposit probably played a fundamental role in the mineralization process, either as a source of the mineralizing fluids or as a source of fluids and metals. One possibility is the introduction of gold during the generation of the oxidized calc-alkaline magma, starting from the partial melting of the subducted oceanic plate or from the metasomatized mantle wedge or even from the melting of the crust [53] .
The coexistence of fluid inclusions homogenizing to vapor and to liquid suggests that the mineralizing fluid may have been subjected to boiling, which may have been one cause of the early ore deposition. As the main mineralization process occurred during the phyllic alteration stage and considering the obtained fluid inclusions characteristics and temperatures, the mixing of magmatic fluid with later meteoric water is the most probable mechanism of ore deposition in the area. It is possible to infer from the ore paragenesis and fluid characteristics that the mineralizing fluids The geological, petrological and fluid inclusion characteristics obtained in this study for the Tocantinzinho deposit are suggestive of a magmatic-hydrothermal gold-only deposit genetically related to an oxidized calc-alkaline monzogranite, with the main mineralization stage host in a stockwork system. Ore deposition occurred during microclinization and, mainly, in the phyllic hydrothermal stages; hydrothermal magnetite occurred during paragenesis to the ore; and H 2 O-NaCl mineralizing fluids with main homogenization temperatures ranging from 300 to 430 • C. These characteristics preclude the classification of the deposit as a reduced intrusion-related gold system (RIRGS).
In comparisons with other similar deposits and classifications in Brazil and worldwide, the Tocantinzinho deposit has more similarities with magmatic-hydrothermal ore deposits, classified as porphyry gold deposits, than with other granite-host deposit types (Table 6) [53, 60, 61] . Similar interpretations were proposed for deposits associated with Precambrian granite magmatism and volcanism in the Tapajós Mineral Province [15, [62] [63] [64] and in the Juruena-Teles Pires Province [20, 65] . The deposit lacks many typical characteristics of the Phanerozoic porphyry-type deposit, such as the classic hydrothermal alteration pattern and high salinity mineralizing fluid, which could be due to its present erosion level. Because of the lack of these complete characteristics, the deposit could be described using a more general expression, such as oxidized calc-alkaline granite-related gold deposit (OCAGG). To avoid confusion or misunderstanding and as a Proterozoic deposit does not preserve all original characteristics as a Phanerozoic deposit does, especially its superficial features and paragenesis, we prefer to classify the Tocantinzinho deposit as a porphyry-style gold deposit. The same description can be applied to other similar Paleoproterozoic granite-related gold deposits in the Tapajós and Juruena-Teles Pires Amazonian gold provinces [20] . Table 6 . The main features of Tocantinzinho deposit compared to porphyry gold deposits and reduced-intrusion-related gold-systems deposits (RIRGIS). The parameters for porphyry gold deposit are from Sillitoe and Sinclair [60, 66, 67] ; the parameters for RIRGIS are according to Hart [59] . 
Host rock composition
Granite with monzogranitic composition; calc-alkaline; I type; oxidized granite, magnetite series.
Calc-alkaline; I type; oxidized granite, magnetite series.
Reduced felsic plutons, ilmenite series of varied composition; I, S and A types.
Association of hydrothermal alteration mineralized
Phyllic alteration, K-feldspar alteration (microclinization).
Magnetite associated; phyllic alteration
Mostly sericite-calcite; restricted; absence of extensive hydrothermal alteration halos. Initially hot (>500 • C to 600 • C) and dominated by magmatic fluid and hypersaline (30-60 wt% NaCl eq.). It is common boiling and mixing with meteoric water.
Mineralization type
Predominance of low salinity fluids and aqueous-carbonic, with high concentrations of CO 2 . They may contain CH 4
Conclusions
The Tocantinzinho gold deposit in the Tapajós Mineral Province, Amazonia, Brazil, is a magmatic-hydrothermal stockwork, with ore in veinlets disseminated in the rock without preferential orientation. It is spatially and genetically related to the hydrothermal alteration of a 1.98 Ga I-type monzogranite, interpreted as an early manifestation of the intrusive Creporizão Suite, with calc-alkaline characteristics, of the magnetite series, located in a magmatic arc tectonic setting.
The overall characteristics of the deposit, including the style of mineralization, ore paragenesis and magmatic-hydrothermal system, are consistent with a predominantly magmatic source for the mineralizing fluid, which evolved possibly initially by boiling, followed by mixing with meteoric water during its ascent, causing gold precipitation.
Tocantinzinho's geological, petrological and fluid inclusion features, in comparison with other intrusion-related deposits described in the literature, allow us to suggest that the deposit is similar to porphyry-type Au deposits [66, 67] and could be referred to using the more descriptive and general term oxidized calc-alkaline granite-related gold deposit (OCAGG). Instead, the preference herein is to classify the Tocantinzinho gold deposit as a porphyry-style gold deposit, as the lack of all of the classic Phanerozoic porphyry-type deposits characteristics can be due, in part, to its deep erosion level. The same description can be applied to other similar Paleoproterozoic granite-related gold deposits in the Tapajós and Juruena-Teles Pires Amazonian gold provinces.
Further studies are needed to more accurately characterize all the physicochemical conditions of the mineralization and to understand the role that the monzogranite and the dikes of basaltic composition played as metal or ligand sources. The Tocantinzinho deposit characteristics reinforce the importance of the Tapajós and Juruena-Teles Pires provinces for containing disseminated oxidized calc-alkaline granite-related gold deposits in Southern Amazonia. The data obtained can be used to elaborate and guide prospection models in the region and in similar Proterozoic terrains. Funding: This study was financially supported by CAPES (Coordenação de Aperfeiçoamento de Pessoal de Nível Superior) (scholarship for the first author) and by CNPq (Conselho Nacional de Desenvolvimento Científico e Tecnológico) for the second author.
